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Introduction 


GUCH of the conservative approach to the 
design of highway bridges is due to the 
(predictability of the precise nature of the 
idings to which these structures will be 
bjected in their lifetime, and also to the 
*k of knowledge about what the behavior 
the materials will be under the loadings. 

Highway bridges are subjected to a variety 
forces, ranging from the constant dead loads 
the structures themselves, through slowly 
‘anging forces caused by material creep and 
perature differentials, to an almost infinite 





| Presented at the 43th annual meeting of the Highway 
‘Search Board, Washington, D.C., January 1969. 
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bridges. 


Bridge on Interstate Highway 95 near Dumfries, Va.—the 
site of a pilot study to test newly developed instrumenta- 
tion for gathering strain-history data on 


highway 


BiwineeOFLiGEsOr 
RESEARCH AND DEVELOPMENT 
BUREAU OF PUBLIC ROADS 


Acquisition of Loading History Data 
on 


Highway Bridges 


A data acquisition system to monitor and digitize strains produced in highway 
bridges by ordinary truck traffic is described in this article. The system and an 
associated computer program were used ina pilot study, onan Interstate Highway 
bridge near Dumfries, Va. Strains were monitored during several sampling 
periods, and trucks were weighed and classified at a nearby weighing station. 
The performance of the system was satisfactory. Generally low strains, usually 
less than half of the calculated live-load design values, were measured and ele- 
ments of the Dumfries bridge seem to be in no danger of fatigue failure. 


variety of live loadings caused by moving 
vehicles. It would be impossible to base bridge 
designs on any precise knowledge of future 
loads, and it follows naturally that present 
design methods are approximations. Most 
bridges are designed to carry a static load 
produced by a design truck, with certain 
empirical allowances for increased stresses 
owing to dynamic loads. 

Design methods provide for the damaging 
effects of repetitive loads only in a rather 


crude fashion—a fact that is becoming of 
increasing concern to bridge engineers. There 
is an obvious need to determine the loading 
history of highway bridges so that the stresses 
produced by traffic can be predicted and a 
more rational, realistic of future 
stresses made. 

Attempts at monitoring the stresses caused 
by treffic traversing a bridge have been 
cumbersome and time consuming because of 
laborious data reduction processes. The statis- 


estimate 
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tical nature of the problem requires that a 
large mass of data be collected. Enough 
information must be gathered on various 
types of bridges in representative parts of the 
country so that the loading histories described 
will be representative of what really 
place. 

The Public Roads staff, having been active 
in the field testing of highway bridges since 
1953, is well aware of the problems involved 
in the data reduction process and has shared 
in the concern of the need for better instru- 
mentation. Accordingly, the Structures and 
Applied Mechanics Division of the Office of 
Research and Development assembled a set 
of specifications and employed a contractor 
to develop an instrumentation system to 
monitor, digitize, and record physical phenomena 
Work on the 
project began in the summer of 1965, and the 
system was completed in May of 1966. Since 
then it has been subjected to an extensive 
acceptance test and used in a pilot study on a 
bridge near Dumfries, Va. 


takes 


of highway bridges in service. 


Description of Instrumentation 
Detailed components of system 


The data acquisition system is an as- 
semblage of instrumentation consisting largely 
of signal conditioning modules, amplifiers, an 
analog-to-digital converter, a digital processing 
unit (computer), and an input-output device 
(teletype with paper punch). Power supplies, 
cooling fans, and a voltage regulator complete 
the assembly, and except for the regulator 
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Figure 1.—Strain-history-data acquisition system. 


and the teletype, ail units are housed in 
shock-mounted cabinets. The entire assembly 
is housed in an office trailer art of the 
development contract—that can be easily 
transported. Heating and cooling units auto- 
matically control the temperature and hu- 
midity in the trailer. A view of the 
instrumentation is shown in figure 1, and a 
system block diagram is presented in figure 2. 

Although electric power to the system can 
be supplied from portable AC generators, 





power from the more reliable commercial 
power lines is preferable. A single-phase, 


three-wire power source of approximately 40 
amperes is required. Except for the air cooling 
unit in the trailer, which requires 220 volts, 
all equipment operates on 110-volt power. 


Signal conditioning modules 


The transducer input circuits from the 
bridge structure being measured are completed 
in the signal conditioning modules. Inputs 
from one-, two-, or four-arm Wheatstone 
bridges are acceptable. Also, a variety of 
interchangeable completion cards are available 
for use with transducers other than strain 
gages, such as thermocouples, thermistors, 
and potentiometers. Adjustments have been 
provided for balancing the signal conditioning 
cireuits and for calibration. 


Amplifiers 


The DC amplifier multiplexers are inter- 
changeable units, specially designed for use 
in multichannel, low-level, data acquisition 


































systems. Each unit consists of an 
amplifier, modulator, demodulator, iso 
wide-band output amplifier, extra outph 
amplifier with an active filter, and = 
plexer circuit. The input range is +10 a 4 
volts through + 10 volts for a full-scale outps 
of +10 volts. 

Access to three outputs is provide 
one output, the filtered, multiplexed 
is fed to the analog-digital converter. 
other two outputs provide a continuous sig 
which may be used for auxiliary 
recording or monitoring with oscilloseop 
tape recorders, or oscillographs. 


Analog-to-digital converter 


Connected to the output of the 
plexed amplifiers is the analog-to- 
converter, commonly called the di 
which accepts analog voltages within a: 
of from +10 to —10 volts and gen 
parallel digital output signals. The ou 
consists of 12 binary digits, one of whic 
used as the sign bit. The remaining 11 
used to represent the magnitude of the a 
voltage. The conversion rate is about 7 

12-bit words per second. 

Mounted just below the digitizer il 
center cabinet is a visual display of the 
where the binary information from 
digitizer is shown in octal form for any sé! 
channel. The visual display is of help whe 
circuits are being balanced and calib 
as separate voltmeter or ohmmeter 
are unnecessary. 
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‘processing unit—computer 


f 
‘The heart and brain of the instrumentation 


stem is the SDS 910 computer. It accepts 
e raw data from the digitizer, processes 
d stores information, enables data to be 
nted out, and controls the sequencer and, 
ereby, the sampling rate. It has a basic 
f memory of 4,096 words, which could be 
panded by adding additional memory 
ydules. The word size is 24 binary digits. 
sur hardware priority interrupts are pro- 
jed. The language used for programing is 
symbolic language, but conversion routines 
available so that FORTRAN II may also 
| used. The computer has buffered input- 
‘tput capabilities at rates in excess of 60,000 
‘aracters per second, simultaneous with 
mputation. 


Operations in the system are controlled 
a clock, which is a 50 kHz. tuning fork 
lellator divided down by the timing gen- 
ator to the appropriate frequencies used 
| ane the system. The timing generator 
its a one-pulse-per-second interrupt signal 
* the computer to update the elapsed time 
inters. 


ANALOG 


AMPLIFIER- 
IGNAL fa 
INDITIONER _ | MULTIPLEXER 


IC ROADS © Vol. 35, No. 8 


i 
_ 


.. Pa ts 9 
ies “i 






5 *. y * 


Input-output device 


Communication with the computer is 
achieved by a teletype machine with paper 
tape reader and punch placed on line. The 
maximum speeds of the teletype reader and 
punch are 10 characters per second each. 
Usually the program is read in with the tape 
reader, and specific instructions, for which 
provisions have been made in the program, 
are typed in on the teletype. Manual access 
to the computer is also possible through 
control switches on the face of the computer 
panel. 


Computer Program 


Development of the system also included 
the writing of a program for the gathering of 
strain history data on highway bridges. This 
program was subsequently revised and is de- 
scribed in detail in the succeeding paragraphs. 


Program objectives 


The principal objective of the program was 
to count the number of times that a maximum 
strain range occurs. A maximum strain range is 
defined as the maximum difference in strain 
that is caused by the passage of a single 
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vehicle. Ten channels are monitored and a 
counting table for the various strain ranges is 
maintained for each channel. 

The strain ranges are computed by estab- 
lishing strain levels, as shown in figure 3. The 
strains on the bridge are presented to the 
system as analog voltages, usually in the 
millivolt range. They are conditioned and 
amplified to a maximum range of +10 volts, 
full scale, and are subsequently converted to 
digital notation of + 2047, full scale. 

The strain levels are selected by the operator 
and represent a percentage of full scale. The 
program allows for 10 strain levels per chan- 
nel. When a peak, such as point A in figure 3, 
is detected, a search is made to determine in 
which level the point is located. The same 
procedure is then followed for a valley, such 
as point B. The maximum strain range is 
computed as the difference of the strain levels 
that contain the peak and valley—not the 
actual values of peak and valley. 

To avoid the undesirable counting of peaks 
and valleys caused by 
other light vehicles and those caused by small 
oscillations of the bridge itself, a test level, 


passenger cars and 


shown as the dashed line in figure 3, is estab- 
lished by the operator. A peak is not recorded 
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Figure 2.—Block diagram, data acquisition system. 
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Figure 3.—Maximum strain range. 


unless the occurrence exceeds this test level. 
To be certain that the maximum strain range 
is obtained, a corresponding valley is not 
recorded until the strain drops below the 
zero level. 

Another objective of the program was to 
separate live-load strains from those caused 
by environmental conditions. It was intended 
to continuously monitor strains at any particu- 
lar bridge for periods of several days. During 
this time the bridge will experience numerous 
cycles of strain caused by temperature changes. 
This strain is separated from live-load strains 
by a zero level adjustment, which is periodically 
performed. 

When the operator determines the strain 
levels to be used for each channel, he also 
determines which of these levels will be the 
zero strain level. During the time that the 
system is sampling the 10 channels, some 
drifting of this zero level occurs, as shown in 
figure 4. To correct for this drifting, each 
channel is periodically scanned for its new zero 
level, which is found by sampling until a 
relatively flat curve—continuous samples of 
very close magnitude—is detected for a con- 
tinuous, specified, length of time. This time 
can be varied by the operator to fit a particular 
traffic situation. The average value of this flat 
curve is computed as the new zero level. All 
strain levels are then shifted by the amount 
that the zero level shifts from its previous 
value. 

The frequency at which the zero level 
adjustment is to be performed is determined 
by the operator when he initiates the program. 
Five zero level adjustments are allowed during 
each recording interval. As the digital value of 
each zero level is printed out at the end of each 
recording interval, the slowly varying strains 
in a member caused by temperature changes 
can be reconstructed merely by converting the 
values to strains. 


Data acquisition and processing 


The program is designed to accept and 
process 15 channels of low-level transducer 
information. Ten of these channels, primary 
channels, are monitored for associated peak 
and valley counts as described earlier. The 
remaining five channels, secondary channels, 
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may be used for monitoring other transducer 
signals, such as thermocouples. 

The samples from the 10 primary channels 
are processed first, beginning with channel 
No. 1. After processing the first sample, the 
program advances the sequencer to the next 
channel. Hach sample is checked to see 
whether it is larger than the test level. (See 
fig. 4.) If it is, it is checked to see whether it 
is a peak. If so, the level containing the peak 
is recorded. If another, larger peak occurs 
before the signal drops below the zero level, 
the larger peak is recorded in place of the 
smaller one. 

When the signal drops below the zero level, 
the program starts searching for a valley. It 
continues to search for valleys until the signal 
again becomes larger than the test level. At 
this time, the most negative strain level 
containing the valley is recorded, and a count 
is made in the appropriate storage location 
corresponding to the peak and valley just 
recorded. This process continues throughout 
the recording interval. 

When the real-time clock detects that it is 
time for a zero level adjustment, the system 
processes the zero level adjustment program, 
which uses the interrupt system to obtain the 
samples. All 15 channels are sampled in this 
operation. The samples from each of the 
channels are accumulated, and the average 
value computed and saved for output. The 
zero level adjustment is then performed. 


Program summary 


The program presents a reasonably accurate 
method for detecting the maximum strain 
ranges that occur in a stressed member under 
cyclic live loading. For each such occurrence, 
a count is made in the proper matrix accumu- 
lator. The counts are accumulated for each 
channel separately for a predetermined length 
of time. 

The accuracy of the maximum strain ranges 
recorded depends on several factors. One is 
the frequency of the cyclic live loading. The 
maximum sampling rate for each channel is 
set at 200 samples per second. As the response 
frequency increases, accuracy decreases. Good 
accuracy can be obtained with frequencies 
below 20 cycles per second, and excellent 








































Figure 4.—Zero level drifting. 





accuracy can be obtained at frequencies bey 
10 cycles per second. 


Another factor that influences the accur 
of the maximum strain ranges is drifting of ‘ 
zero strain level. The program, by perform 
a zero level adjustment at predetermi 
intervals, presents a method for separat 
and determining strains in members cau: 
by environmental conditions. But betw> 
intervals, a peak and corresponding va» 
could be recorded in different levels, owing! 
the shift in the zero level by the two ea‘ 
As shown in figure 4, this could also afl 
the maximum strain range. In both cases 
is the same, and in both cases the va? 
will be recorded in level 6, but in case 1, 
peak will be recorded in level 4, and in ¢ 
2, in level 3. Therefore, the maximum stai 
range will be recorded differently in each ¢; 


To minimize this difficulty, the zero le 
adjustment should be performed frequen} 
and the expected rate of change of the at 
level must be considered when setting 
length of recording time. 


The accuracy of the maximum strain raz 
is also affected by the magnitude of 
difference in the strain levels that are chor 
The smaller the difference, the greater | 
be the accuracy. 


One other source of measurement e 
could stem from the use of the test le: 
which was established to eliminate small 0! 
lations of the bridge. The program does 
search for a peak until the signal exceeds t 
test level. It searches for a valley only w: 
the signal drops below the zero level. Co! 
quently, erroneous peak and valley asso’ 
tions could occur infrequently. Referring 
figure 3, peak C would be associated 
valley F, since valley D did not drop b 
the zero level. Such a situation could om 
when one vehicle is following closely beh 
another. | 

All these sources of error are considé 
minor, or can be corrected by a careful act 
tation of the sampling scheme to a spel 
local traffic and environmental condition. | 

The data acquisition system and the en 
puter program were tested on an act 
bridge in a pilot study to determine just } 
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“ell they perform the functions for which 
aey were designed. The conduct of the test, 
_ ie results obtained, and an evaluation of the 
" ystem, make up the remainder of this article. 


tt Dumfries Field Study 


The bridge chosen for the pilot study was 
steel girder structure with partial-length, 
elded cover plates. It was a simple, four- 
‘oan bridge of composite design located in 
‘ie northbound lane of Interstate Highway 
5 near Dumfries, Va. This site was chosen 
‘rimarily because of the heavy truck traffic 
| accommodates, and also because of its 
earness to a truck weighing station. Views 
»» [the structure are shown at the beginning of 
iis article. The bridge has a slight skew 
ngle, left forward at 3°46’. 
Of the four spans, only the northernmost 
9an was instrumented and tested. Structural 
jetails of this span are shown in figure 5. 
‘en Strain gages were placed on the bottom 
jy Anges of five of the girders. The sixth girder, 
f jeing the outside girder on the left side of the 
ridge, would have received little stress 
‘om truck traffic and was not instrumented. 
On the instrumented girders, one gage was 
laced in the center of the bottom of the 
ver plate at midspan on a skewed section. 
nother was placed on the bottom of the 
tder 4 inches off the south end of the 
over plate. 
| During the period of testing, strains were 
ontinuously monitored, the sampling inter- 
als ranging from 44 to 2 hours. At the end of 
ich Sampling interval, the accumulated 
ata was printed out as strain level peaks 
ad associated valleys. From the summation 
these periodic outputs, the stress range 
mbution for each instrumented member 
the bridge was determined, as shown in 
6. Values from beam 4 are not shown 
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COVER PLATE CUT-OFF DETAIL 


Figure 5.—Dumfries bridge, northernmost span. 


because the gages on the beam malfunctioned 
during part of the sampling periods. 

The data in figure 6 were recorded from 
May to November 1967 during scattered 
sampling intervals. The frequency of occur- 
rence of each stress range, computed from 
the total number of occurrences at each 
stress level for each beam, is shown in table 1. 
Beams were numbered right to left looking 


ie 7 
50 
40 
| 
a 
lJ 
oO 
ft 
W 30 
sie 
Oo 
Zz 
Wi 
3 
S 20 
a 
ve 
Le) 
= 
10 < 
o 
re) 
0.41-0.84 0.84-1.24 1.24-1 a 


north. The maximum Stress range, between 
3,300 and 3,700 p.s.i. occurred on beam 3. 
However, Bade the total number of 
Stress range occurrences above 1,650 p.s.i., 
there was a larger number on beam 2 than on 
any other beam. Midspan stresses are shown 
in figure 6, but end-of-cover-plate stresses 
were about the same as these. 

The number of occurrences shown in table 
1 relates to the number of vehicles that crossed 
the structure, as follows. In addition to 
the absolute maximum stress range excursion, 
certain vehicles produced complementary 
stress cycles, which were also counted. 
of these complementary 
had greater 


some 
eycles could have 
amplitudes than the 
maximum induced stress caused by other 
vehicles. For example, figure 3 could have 
represented the stress caused by the passage 
of one vehicle. However, two 
would have been recorded—A-B and C-F. 
By keeping a record of the number of trucks 
that crossed the bridge during the time that 
strain ranges were recorded, it was possible 
to obtain the average number of occurrences 
per vehicle for each beam. The values for this 
bridge (table 1), ranged from 1.7 for beam 
5 to 3.0 for beam 3. Beam 3 had not only the 
highest recorded stress range, but also the 
highest ratio of occurrences per event. 


absolute 


occurrences 


Truck type and weight distribution 


A State-operated weighing station was 
located approximately 2 miles from the 
Dumfries bridge. This station, in continuous 
operation throughout the year, made it 
possible to obtain accurate truck counts. 
The monthly and yearly truck-traffic totals 
for 1966 and 1967 are shown in table 2. The 
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Figure 6.—Frequency distribution of stress ranges at midspan. 
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highest volume of truck traffic occurred 
during the summer months. The Virginia 
truck law allows a maximum gross weight of 
70,000 pounds, but there is an unofficial 
enforcement tolerance of 5 percent, which 
would raise the maximum gross weight to 
73,500 pounds. The truck traffic included 
two 5-axle vehicles, distributed as shown in 
figure 7. 

Records of truck weights were collected at 
the weighing station during scattered intervals 
while strains were monitored. From these 
data, the gross truck weight distribution was 
determined as shown in figure 8. The greater 
percentage of truck traffic weighed between 
20 and 30 kips, with only 5.6 percent above 
70 kips. The average gross weight of each 
axle group is given in figure 7. 


Life expectancy 


An attempt was made to predict the life 
expectancy, or fatigue life, of the Dumfries 
bridge. The fatigue curve used was developed 


from the recommendations of the joint 
ASCE-AASHO Committee on Flexural 


Members (1).2 For rolled beams with cover 
plates using ASTM A36 steel, the Committee 
recommended a stress range value of 9,000 
p.s.i. for fracture at 210° cycles. In House 
Document (2), it is assumed that the 
stress range value at 200 10® cycles is equal 
to one-third the stress range value at 2x 108 
cycles. If the same assumption is used for 
the study reported here, the stress range at 
200 10° cycles is 3,000 p.s.i. Based on the 
assumption that the stress range and cycles 
to failure have a linear log-log relation, 
figue 9 was constructed. This curve, along 
with Miner’s hypothesis of cumulative 
damage, can be used to predict the fatigue 
life of a bridge, if the stress ranges to which 
it will be subjected are known. Other re- 
searchers (3, 4) also have developed fatigue 
curves similar to the one shown in figure 9. 

The stress ranges recorded on the Dumfries 
bridge were not large enough to make a reliable 
estimate of its fatigue life. The highest stress 
range recorded, approximately 3,500 p.s.i. on 
beam 3 at midspan, had an occurrence fre- 
quency of less than 0.01 percent. Slightly 
lower stresses were recorded near the ends of 
the cover plates. The frequency of occurrence 
of all stresses on beam 8, which fell on the 
curve of figure 9, was only 0.06 percent. It is 
therefore impossible to predict the fatigue 
life of the bridge from these data. 
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Summary and Discussion 


Evaluation of the data acquisition system 
indicates that the concept of combining trans- 
ducer conditioning, amplifying, monitoring, 
and processing instrumentation into one sys- 
tem controlled by a digital computer is a very 
good one. The system, as assembled, is cer- 
tainly able to monitor, digitize, and process 
the strains produced by ordinary traffic, with- 
out any loss of essential information and with 
a minimum of manpower in attendance. 

Having a computer controlled data acquisi- 
tion system allows for great flexibility in 





2 Italic numbers in parentheses refer to the references 
listed on page 189. 
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Table —Namber of stress range occurrences,. midspan gages eas 


Number of occurrences 


; Ns, | 2 3 Pym bs 














‘ Stress, range, p.s.i. 
Beam Total 
3, 700 | 3, 300 | 2, 880 | 2, 490 2, 070 | 1, 650 | 1, 240 | 840 | 410 
1 « Fite sc See See ae 3 39 287 1, 255 3, 687 3,475 8, 746 
eee gh Mae 2 36 276 906 935 2, 674 3, 756 8, 585 
3 1 4 24 150 615 1, 236 2 579 3, 131 7, 740 
5» Do Ae sae lee aes 1 2 12 91 2, 554 6, 717 9, 377 


gathering and processing data. One guiding 
principle during the development of the pro- 
gram was simplicity. As several aspects of the 
fatigue problem on highway bridges are not 
known or understood, it was decided to con- 
centrate only on the gathering of major stress 
ranges. All kinds of minor vibrations and 
fluctuations in stress could also have been 
recorded; but these have been shown to have 
no bearing on the life expectancy of highway 
structures, and the choice was made to ignore 
them. 

Laboratory fatigue studies together with the 
development of an applicable cumulative 
damage fatigue theory will have to accompany 
loading history studies in the field. 

Those aspects of the program relating to 
the zero level adjustment procedure are be- 
lieved to be sound, and any errors caused by 
drifting that are not corrected by the zero 
level adjustment are very, small. 

The Dumfries field test was properly named 
a pilot study, as it was not a full fledged 
investigation into the loading history of a 
highway bridge. Initially, the bridge served 
mainly.to check out the new instrumentation, 
but the volume of data gathered far surpasses 
that of other investigators who used oscillo- 
graph instrumentation to record the passage of 
trucks in similar studies. 

For instance, in a recent Michigan study (3) 
involving eight bridges, only some 3,000 events 
were recorded for a single bridge. In a similar 
investigation in Maryland during the summer 
of 1967, only about 1,000 events were recorded. 
In the Dumfries study, the average for each of 
the several beams instrumented was about 
9,000 stress events. Many more were recorded 





Figure 7.—Truck type and weight distribu- 
tion, 

























Table 2.—Number of trucks weighed Dt 
fries weighing station, route 1-95, n 
bound 








Month 1966 

January. = 41, 459 
February ae ees 42,149 
March: > 2 Shea 49, 028 
April: -65. ee» oo 53, 841 
Mayus. 22. ae eee 51, 846 
JOne es Oe Seen ee 58, 322 
Joly. 2A ee ee ee 50, 629 
AUgUSts: Se OS ae ae 58, 605 
Septembers_ 2-2. oh eee 49, 385 
October. 28 = -Gc2 Sea 57, 406 
November. = 22 tee eee 44, 129 
December. &. see 26, 409 

Total 32 3. ee 583, 208 


in the early parts of the study, but these wre 
not reported here because the initial com 
program did not clearly isolate stress r 
recording only at which level a maximum ¢ 
occurred. 
Before any conclusions can be based 
the results, not only in this study but ij 
other similar ones, it must be detertiiil 
whether the sampling of data was repre a1 
tive of the effects produced by the % 
traffic—in 1 year for instance. 
The results reported here were recor} 
during the following sampling periods: 
May 1—} hour, midday 
2—4 hours, midday 
3—3 hours, midday 

July 5—1 hour, midday 
6—2 hours, midday 
7—4 hours, midday 
October 26—4 hours, midday 
27-30—64 hours, continuous run 

1 weekend 
31—4 hours, midday 
There was no sampling in winter or 
spring, and except for the continuous wi 
run, the sampling periods fell in the n 
of the day, some time between 10 o’cle 
the morning and 4 o’clock in the after 
However, it is again mentioned that 
researchers in similar studies conside 
sampling time, although much shorter, 
representative. 
The results of the field study, as shor 
the stress range histogram, figure 7, com ; 
favorably with the results of the re 
similar studies in Michigan and Marylé 

An interesting comparison among nine 
and steel girder bridges can be made from 
data presented in table 3. In gen 
maximum measured stress ranges ar 
below the calculated design live-load st 
including impact. In fact, based on th 
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SHO Bridge Specifications, the Dumfries 
ximum measured stress range was only 45 
nt of the design live-load stress for an 
erior beam. This maximum measured stress 
of 3,500 p.s.i. occurred only once in 
s than 8,000 events, and if the value of 
ximately 2,700 p.s.i. (figure 7) had been 
id, an even lower ratio would have resulted. 
fhe Dumfries bridge is a 3-lane bridge 
a, 244-foot sidewalk on both sides of the 
It is located on a rural portion of a 
terstate highway and crosses a creek 
as a small road; it is therefore at a 
y point in the vertical alinement of the 
id. During the conduct of the test it was 
ionally noted that one truck attempting 
passing maneuver would be exactly even 
h another in the centerlane, and both 
eks crossed the test span at the same 
tan . However, most of the trucks crossed 
test span singly, traveling near or above 
speed limit of 65 m.p.h. Never were all 3 
: of the bridge observed to be loaded 
rucks simultaneously. As the live-load 
calculations are based on 2 or more 
being loaded simultaneously and on 
n load distribution factors, the low 
ed stress ranges can be explained in 
by the absence of such simultaneous 
This situation, of course, is peculiar 
structure only. Closer agreement 
en calculated and recorded live-load 
would be expected on longer span, 
bridges. 

Because of the low recorded stresses, it was 
ssible to obtain a meaningful forecast of 
possible fatigue damage, as pointed out 


-plate gages 


@ results from the gages that were placed 
off the south end (traffic is north- 
of the cover plates were very much 
he results from the midspan gages, both 
tribution and magnitude. These results 
t presented here. 


es caused by temperature 


capability of the instrumentation, with 
roperly programed instructions, to 
ely monitor and record live-load 
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figure 8.—Frequency distribution of truck gross weights. 
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strains, as well as strains caused by tempera- 
ture differentials, and perhaps moisture 
differentials, was described earlier. The 
desirability for having this capability is 
twofold: (1) It assures that the live-load 
Strains are not clouded by any drifting of a 
baseline, and (2) it allows a monitoring of 
such drifting. In no way can one be certain 
that all the recorded drift is due to actual 
strains in the bridge, unless such a condition 
has been independently verified by another 
type of strain measurement. 

In the Dumfries field test, extreme care 
was exercised to eliminate as many errors as 
possible. Amplifier drifting and the drifting 
of other instrumentation was shown to be 
negligible when a very stable load cell was 
used. Temperature compensation in the 
dummy gages was provided, and the dummy 
gages were placed as near as possible to the 
active gages. The one untested source of 
error might be due to variations in lead wire 
behavior during the course of a day. 

It would be improper to publish any of the 
recorded long-term strains, as they might 
contain errors; but it can be said that the 


GROSS WEIGHT, KIPS 


Figure 9.—Assumed S-N curve for beam with welded partial- 


length cover plates. 


magnitude of the long-term strains appears 
to be two to three times as large as the 
maximum recorded live-load strain. Also, 
there seems to be a great variation in long- 
term strains between gage positions, such 

at midspan and at end of cover plate on the 
same beam, as well as between interior and 
exterior beams. 


Conclusions 


Based on experience gained while working 
with the data acquisition system and on the 
results of the Dumfries field tests, the follow- 
ing conclusions seem in order: 

e The data acquisition system can ade- 
quately accomplish the task it was designed 
to perform—to monitor and digitize strain 
history data on highway bridges. 

e The results from the Dumfries field 
tests, in the form of measured stress ranges, 
were always less than half the calculated 
design live load with impact stress, and 
usually were much smaller than half. 

e The measured stress ranges obtained 
from the Dumfries bridge are somewhat lower 


(Continued on p. 189) 


Table 3.—Stress ranges of different bridges 


Bridge 
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1 Occurred once out of more than 8,000. 


Milebipraun. he eye. 5 RS a See SS mee, Dene he eee : 
Michigan... =.=. 5 2. sees. ae te ee eee ee 
Michie ansb =o. ae ee ae a Be eee » Ped e 
Machigan G32 se. sear" 2. eee 5 a eee a eee 
MiGs ane oo ee ea aw awe See. oa = eae ee 
MIGHIC AT Roeeeee estes. es a ee ee ee 
NG ENexg bya (Uys tee bee ea 5k NR SE ee ee eee 


IBV Teri y oe eee ee Se ee ne eee 





pee gene Occurrence Ms Se 
esign LL+ 
yt 34 Pe | Percent 
6, 300 | 0.1 spe 78 
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6, 300 0,2 a 0.90 
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Quality Assurance 
in Highway Construction 


Part 3— 


Quality Assurance of 
Portland Cement Concrete 


Reported by WESLEY M. BAKER, Highway 
Research Engineer, and THURMUL F. McMAHON, 


Principal Quality-Assurance Research 
Engineer, Materials Division 


This is the third part of an interpretative summary of the progress 
in Public Roads research program for the statistical approach to quality 
assurance in highway construction. Part 1.—Introduction and Con- 
cepts, and Part 2.—Quality Assurance of Embankments and Base 
Courses, were presented in previous issues of PUBLIC ROADS. The 
remaining parts, to be presented in succeeding issues, are 4.—Variations 
of Bituminous Construction, 5.—Summary of Research for Quality 
Assurance of Aggregate, and 6.—Control Charts. 


Introduction 


VER since the development of portland 
cement concrete for use in the construc- 
tion of highway pavements and structures, 
highway engineers have been concerned with 
the quality of the concrete and of its constit- 
uents. From years of experience, methods have 
been developed to control the quality of 
concrete and measure its acceptability as a 
quality material. But responsibility for the 
quality of portland cement concrete and causes 
of its failure are still confusing issues. 
Research has provided an insight into the 
causes of variations that have always existed 
in the results of concrete tests. It has also 
provided some knowledge of their magnitude 
as regards blending, mixing, sampling, and 
testing, especially under laboratory conditions. 
In early research it was recognized that statis- 
tical concepts afforded a useful tool to analyze 
the data and establish the causes of variation. 
In fact, as early as the 1940’s, Mr. Alfred M. 
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Fruedenthal recommended that statistical 
concepts be used to revise portland cement 
concrete specifications (1).! 

A committee on quality control of concrete 
in the field, appointed in England at the 
beginning of the 1950’s, reviewed all aspects 
of concrete production and recommended 
methods of improving quality and testing 
techniques. The committee’s greatest achieve- 
ment was the adoption of statistical concepts 
to better understand the nature of variation 
in concrete production. The normal distribu- 
tion was shown to be applicable in the concrete 
industry, particularly for the cylinder strength 
distribution, and acceptance criteria were 
established at a 95-percent confidence level. 

The first official action in the United States 
to adapt the statistical approach to quality 
control of concrete was taken in 1955 by the 
American Concrete Institute. Criteria were 





‘Italie numbers in parentheses identify the references 
listed on p. 189, 


















Pressure meter test for determining air contentir 


portland cement concrete. 
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established and rational specifications © 
structural concrete were recommended. 

In this report on the application of statisia 
quality control methods to the productio' 4 
concrete by the highway industry (2), 
Edward A. Abdun-Nur advocated exten 
use of statistical concepts in specifiead 
writing and acceptance sampling. He a 
sidered a realistic picture of concrete prodie 
under normal control to be one in whiehh 
coefficient of variation of 28-day strengt 
20-25 percent, and defined a good concrt 
as one with a 15-percent coefficient of varia 

Early work in quality control of port 
cement concrete demonstrated the advantié 
of using statistical concepts to specify, 
trol, and accept concrete; however, DD! 
information was needed to make opti 
use of them. The Office of Research 
Development, Bureau of Public Roads, 4 
been promoting the gathering of informa’ 
by the States concerning the quality of 
concrete being produced under current 8} 
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ions and the contributing factors in the 
ation of test results. The objective of 
his research program has not been to deter- 
nine all factors relating to variations in 
srete production, but to isolate variations 
ing to materials, sampling, and testing. The 
uts to date are presented and analyzed 
; he following paragraphs. 

_— in Concrete Strengths 
Strength is not always the most important 
-haracteristic of concrete quality, but it is 
one that is most often measured. It is 
ssumed to be indicative of the water-cement 
tio and, accordingly, an indicator of dura- 
y. The magnitude of the variability in 
ngth is, therefore, an indicator of the 
itude of variability of the other 
acteristics. 

Variability in concrete strengths can be 
tt ‘ibuted to two other types of variability: 
1) Inherent variability in the materials and 
rocesses that results from chance causes, 
vhich cannot be controlled, and (2) variability 
1 assignable causes which can be controlled. 
attainable quality of concrete in the field 
limited not only by the chance causes that 
mtribute to the variation in quality, but 
Iso by the economic factors entailed in 
educing the assignable causes. 

The measurement of variability from chance 
r inherent causes is complicated by the 
oherent variability of each of the ingredients 
a the mix, which can interact with the 
mmocesses of blending, mixing, and placing, 
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and result in a much larger variability in the 
concrete itself, 

The assignable causes of variability are more 
humerous and more difficult to isolate, but 
the production of quality conerete is de-. 
pendent on the reduction of all variables. 
However, the isolation and restriction of 
variables can be carried only as far as economic 
conditions warrant. Under the present state of 
knowledge, the ultimate uniformity of concrete 
production cannot be precisely stated. Ex- 
tensive research will be necessary to isolate 
variables and to determine the extent to which 
variation can be reduced. Current informa- 
tion can be used only to show that variation 
does exist, and that sampling and testing often 
contribute as much of the variability as do the 
ingredients and processes used in construction. 

Mr. H. H. Newlon, in a paper (3) described 
and discussed numerous variables affecting 
concrete quality. The data concerning con- 
crete variability, presented in table 1, was 
based on a similar tabulation from his paper. 
Although such information is interesting and 
may be used to design specification limits, it 
is of little worth to the overall problem of 
reducing variability in concrete construction. 
The basic need is to isolate the common factors 
affecting variability. Research aimed at this 
purpose has been underway for the past 4 
years. 

Data based on a West Virginia research 
report (4) are presented in table 2. These 
data are illustrated in figure 1, which depicts 
the relations among the materials, sampling, 
and testing standard deviations. As standard 


Table 1.—Average deviation of concrete strengths 











Average 

Agency Concrete type Data source standard 

deviation ! 
(a) 
‘ p.8.i. 
Menreau of Public Roads-____._._......_...-_.--_---- IP AVIiNn ge eee oe Researches. eee ees 585 
net beta Geo oe ants rr re OPE nee ee El istoricaliew 2 See 473 
I pero sean Le ek lle aoe Bie ye 

Virginia OMioinia Ss cout Ween Coie aie Be ly og oe DOCIAL: eee. ee 

as i ee ; ieee 3 peu F x BEE es 8 ON iethginwes ae ee ae Cores ae ease ees eee 663 
Ontario Deparment OL ighways-. 20-02. 2._-ee=--|e-sek GEES ee Sa eee Routines es ee ee 494 






a The average standard deviation for all data presented. 





Table 2.—Portland cement concrete variations 


. oes 


deviations are not additive, the sum of the 
standard deviation shown does not equal the 
standard deviation of the concrete strength. 
A significant indication from these data is 
that the combined testing and sampling 
variations are usually greater than the 
material variation. It is also significant that 
the materials deviations consist of the ma- 
terial and process variations, whereas the 
sampling and testing deviations are caused 
by the measurement process. Figure 1 in- 
dicates that sampling did not contribute 
significantly to the variation of test results on 
these projects. 

An analysis of historical data on compres- 
sive strengths of concrete cylinders, presented 
in table 3, was based on a report by the State 
Road Department of Florida (5). Two types 
of concrete, class A and class N\S were analyzed 
in the report. Routine control is normally 
exercised over class A concrete, whereas 
class NS concrete is spot checked only oc- 
casionally. 

Based on the same Florida report the mean 
strength, standard deviation, and coefficient 
of variation for the concrete, shown in table 
3, Were compared by source in table 4. Re- 
searchers have shown that the standard 
deviations of strength test results usually 
increase with the mean or average strength 
of the concrete; therefore, the best comparison 
of these data may be shown by the coefficient 
of variation. As expected, the coefficients of 
variation for class NS concrete were greater 
than those for class A. 

The strength data presented—typical of 
nearly all strength data received—expressed 
large standard deviations with average 
strengths well above the usual minimum of 
3,000 p.s.i. For example, if the class A con- 
crete of project 4, table 3, were analyzed using 
normal distribution methods, there would be 
less than 1 percent chance that a test would 
result in a compressive strength of less than 
3,988 p.s.i. With the same standard deviation, 
the mean could be as low as 4,698 p.s.i. 
before a 1-percent chance of being below 3,000 
p.s.i. was exceeded. If the standard deviation 
could be reduced, the mean might be lowered 
further without risking noncompliance. How- 
ever, as pointed out previously, the durability 




































































28-day compressive strength variations 
| P Overall Standard Coefficient of Standard Coefficient Standard Coefficient 
eet! No. Mean mee coefficient deviation, variation, deviation, of variation, deviation, of var iation, 
i = deviation of variation testing testing sampling sampling materials materials 
; 8) (co) (v0) (o0) (v1) (a) (v) (ea) (va) 
— — 
EY Structural concrete 
_ — 
7 i i Pe 
; i i Pct. aSebe Pore p.8.i. Eck, p.s.i. ( 
i very P35 10.0 etc 4.0 236 5.6 310 7.2 
‘ 1 4, 235 435 0 360 8.1 
? 2 4, 420 482 10.9 323 vi 39 : 
y 
Be 
Paving concrete 
+ 386 8.3 

4, 675 545 ie? 377 8.1 ie ee Be 

3 30 a 15 5 18 : * 0 495 13.3 
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Figure 1.—Portland cement concrete—standard deviation, compressive strength. 
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of the concrete may be the controlling factor Table 3.—Historical concrete strength data 
in reducing strength through lowering the 
design ¢ ement content. If it is assumed that a Overall Coefficient of : ‘ 
strength is an indicator of water-cement ratio, Samples Mean (X) standard variation (v) Testing error 
deviation (a) (or : 


it is possible that more uniform strength will 
also result in a more uniformly durable con- 





crete. This in turn may allow a reduction of 











28-day cylinders—class A concrete 












P P 1.4" 
The equivalency of the Chace and p 
meters can be determined by a comparise 
of the sampling and testing variance of eae 


in the following manner: 
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In project 2, table 5, this results in 
following equivalency: 


354 _ .166 Sn ROS 
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2 Chace tests=1 pressure test 


Equivalencies computed for the oth 
projects shown in table 5 ranged from 0) 
to 20; six of the 10 were below four, indicatil 
that averages based on four Chace met 
tests may be suitable for control purpose 
However, the wide variation in these res 
indicate that the actual equivalency of 
two tests depends somewhat on the operato I 
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he design cement content. ‘ Number p.8.i. p.s.i, Pet p.8.i. 
ome Ete : Project number: 

[ff durability should be the controlling 1 aS oe eee ao Se eee 536 4, 524 396 8.8 175 
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‘ ee eae = fe seer soba 200 3, 474 605 17.4 122 
‘ot only is it important that the air content re Tete 1 nae 240 , 781 70 1h 3 
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1 Values not included in range calculations. 


table 5, submitted by the State of New York, 2 Statistical outlier—not included in calculation of range 








% Averages are not weighted and include all values ex«t 
the outlier. 










are representative of this research. The tests oF BRSEAER« + 
proved that, in the State of New York, truck ; 
mix concrete was more variable with respect e) 
to air than was paver mix or central mix con- lable 4.—Production source comparison, historical concrete strength data 
crete. The tests also showed that the air aH 
content measure » Chace oter was 
: e us ired by the Chace meter was Mean strength Pooled Coot 
considerably higher than that measured by Source Concrete class Samples (xX) standard de- | of variation ( 
the pressure meter. As tests with the Chace erect ‘ 
meter are faster than those with the pressure : b pale 
: : : : Number fda St chen 
meter, considerable interest exists in deter- Se eee eee ae. Ria et { fA 480 2 799 ”503 a 
mining the number of Chace meter tests were sh nese en . 
gt ce meter tests that Dos,” tek ee ee j ‘A 540 4, 906 672 13.7 
would give an average that has the same : \ NS 360 4, 210 660 i 
* AR ard : ee Ree Piet eh. <a A 440 5, 054 585 1. 
degree of precision as an average based on a { NS 308 4, 031 584 14.5 





lesser number of pressure meter tests. 
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J 
Project No. Mixer type and use Observations Test method Testing Sampling Material Standard Mean (X) 
2 variance (0:2) variance (cs) | variance (¢,2) | deviation (c) - 
a Number Pet. Pet. =f % 
Gential mix see eos. 2 216 RPessure See eee oe seers 0.043 0.07 aP 2 a : oe 
el lata PAVING C..2F 22 ope 216 Oye eee eet a ees 0.20 0.545 0.65 1.18 6.39 
Oentral mine: — 85 003.225 200 Pressures Sis eee ees 0.126 0.04 0.50 0.82 } 591 
| ESS ala aateaee PAVIN Pee eee gee ees 200 Chace: ities + ees Beate 0.22 0.134 0.70 1.026 742 
B-Se pavers te. cc i=an--- 200 eressUires Jobe eee! 0.067 0.05 0.48 0.77 5.14 
Te Nae Paving. stots. eect 200 CHACos a. ee ee es eee 0.15 0.10 0.33 0.76 7°38 
Cant Tittee ee eee kee 200 IRTOSSULGMe Sete 2 nk See Soe woe 0.16 0.29 1.74 1.48 790 
==" ->---7- Btravttral cs eh weed sce 200 Chavet ne Jw 0.335 0.15 1.38 136 102 
RICKS INLK Soe te eerie ey 204 PRESSUT Ge a Oe Oe 0.035 0.04 1.27 1.16 6.1 
ee = MStrichiral ee 204 Chace eet feet ee 0.45 0.99 0.48 1.39 875 
bntr lini eee se 200 Proscurevesckn as We 0.06 0.105 0.34 0.71 6 18 
Meee te 25) | Raving... 22-2... 8s. 200 OLSEN aes, ark ee a 0.256 0.137 0.40 0.89 7.39 
Sees... |) 2-84 pavers ---2-----_ 2. z 200 PIOSSUEO. tenes sense eens 0.08 0.08 0.39 0.74 4,94 
Sere soos |\ PAavings-.-. o.--. 2225 Clete 200 Chackes ee tt sees 0.14 2.55 —0.96 1239 6.41 
(20-54 pavers = 22-7 _-_- 200 IPTRSSUT Oso ae ee ee ee 0.047 0.04 0.70 0.89 4 22 
Sees oo = ---- =~ || Paving 2-2... 2-2... 200 Chace’. .e- > Beste: 0.26 0.25 1.02 1.24 6.51 
oS ee eee 200 Pressure med See ek 0.05 0.135 2.39 1.60 5 80 
a tata aaa : 200 Chace®. f-7- 050 oes 0.43 0.325 1.79 1.60 8.43 
es mix 200 Pressureseac:. 8.22155 222.8 0.09 0.136 1.64 1.37 6.07 
ecg =~ Structural 200 Chacol us eee nts ee 0.28 0.24 1.71 1.49 6 33 
i} 











































prity; and, consequently, it may be 
ssary to establish operator equivalencies 
rovide sufficient confidence for the control 
ir content by the Chace meter in any test. 
he data on air content presented in table 
as reported by West Virginia (4). The 
ny indicate that in measuring air content, 
re is good agreement between the Chace 
Roll-A-Meter. Calculation of the equiv- 
y of the two tests indicates that in 
Virginia, four Chace tests will adequately 
bstitute for one Roll-A-Meter test. 
ariability of Concrete Consistency 
The consistency of plastic concrete, as 
leasured by slump cone or Kelly Ball tests, 
measurement of the workability of the 
and an indicator of the water content. 
ywever, consistency is no direct measure- 
t of the water content, as air, gradation, 
temperature also affect the consistency. 
ults of these tests therefore are a good 
or of the uniformity of the mix, and 
late to a combination of these factors rather 
to any one of them. 

Results of studies by several States of 
rete consistency, as measured by the 
Dp cone, are presented in table 7. The 
indicate little difference in the variability 
lump among the several methods of 
ete production, although there is con- 
rable difference from project to project. 
data also indicate that actual material 


a 


“ion contributes more to the overall 
n than do sampling and testing. 

1 from reports by West Virginia (4) 
ifornia (6) on studies to evaluate the 
Ball test are shown in table 8. These 
d that from other sources indicate 
the Kelly Ball test is valid for measuring 
consistency of concrete when three 
are averaged to obtain one test 
48 required in the standard method. 


A ggregate Size Variation 


factor stressed in concrete specifications 
h concrete-production control is grada- 
f coarse and fine aggregates. Research 
that, within projects and between 
, there is considerable variation in size 
DAD * Vol. 35, No. 8 
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Table 6.—Portland cement concrete 


Project No. Observations Test method 











pavement air content, research data 
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Material Standard 
variance deviation 
(a2) (a) 


Testing Sampling 
variance variance 


Mean (X) 
(¢ 2) (o. 2?) 





Number 
176 
141 
104 
104 
200 
196 





192 








Loe 
0. 102 


Pet. 
1. 352 
0. 565 
0. 000 
0. 000 
1. 042 
0. 913 
0. 191 
0. 08 
1, 229 
1. 36 
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Table 7.—Variability of concrete consistency, slump cone method 




















Testing Sampling Material Overall | 
Project No. | Observations variance variance variance standard Mean | Specification 
(22) (os?) (4?) coving | (x) | limits 
Fo 
State 1 
Number Inch Inch Inch Inch | Inches Inches 
ij 184 0. 16 0. 04 0. 26 0. 68 2. 44 0. 5-3, 5 
22 200 0.13 0. 02 0, 45 0. 80 | 1.5 0, 5-3. 5 
23 300 0. 25 0. 09 0. 46 0.89 | 2.76 0. 5-3. 5 
State 2 
3] 216 0, 074 0, 00 0. 15 0, 47 904. | dct 
42 200 0. 06 0. 06 0, 37 0.70 1.86 
33 200 0. 08 0.025 0 42 0 73 284 el socc3-5 eee 
54 200 0, 027 0. 012 0. 206 0, 495 |. ER (ea ie ee Se eee 
§5 204 0. 066 0. 03 0. 305 0. 633 Col ie eee ee 
66 200 0. 033 0. 034 0. 14 O46... 3| ODE Dah a eee et ae 
hr 200 0. 084 0. 086 Q. 20 9. 609 AE A Mapa SS 2S oS ke 
8 200 0. 158 0. 047 0. 50 0. 844 2. 26 ate ee eee 


























1 Pavement conerete, truck mix. __ 

2 Pavement concrete, truck mix, slipform. 

3 Pavement concrete, central mix, screw spreader. 
4 Concrete base, central mix, slide spreader. 


distribution of aggregates in the mix. In fact, 
aggregates-size-distribution specifications are 
seldom complied with. Part 5 will contain a 
detailed report on the gradation of concrete 
aggregates, but table 9 is included here to 
illustrate the variation. The data from project 
1 indicate little variation of either material or 
of sampling and testing; however, the data 
from projects 2 and 3 indicate a large material 
variance, and it is probable that the specifi- 


5 Structural concrete, truck mix. : 
6 Pavement concrete, central mix, slipform. 
7 Pavement concrete E-34 paver. 


cation limits were exceeded on many indi- 
vidual tests. 


Variability in Pavement Thickness 


Pavement life expectancy is based on 
estimated traffic and pavement design thick- 
ness. There is still argument as to whether the 
design of the pavement should be based on 
minimum thickness or average thickness; 
however, as in all structures, stresses are 
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concentrated at the weaker points, and it is 
axiomatic that large variations in thickness 
are detrimental to the pavement. Uniformity 
of thickness will promote better slab action 
and, therefore, prolong pavement life. 

Variation in concrete pavement thickness is 
shown by the data of figure 2, which is based 
on a report by the State of Michigan (7). The 
data depicted represent 656 cores taken from 
15 projects from 1959-61. The historical data 
in table 10, extracted from a report by 
Louisiana (8), substantiates the variations 
shown in figure 2. 

The variation shown in table 11 are from a 
statistical study of pavement thickness by the 
State of Oklahoma (9). The thicknesses were 
measured by a probe inserted in the plastic 
concrete. Little variation was exhibited in 
project 3; but as the mean was below the 
specified thickness, the pavement life expec- 
taney was less than desired. Project 3 had a 
probable range of thickness from 7.8 to 10.2 
inches, resulting in weak areas that would 
probably reduce the life of the pavement. 

According to the high average concrete 
thicknesses reported in the Michigan and 
Louisiana studies, an excess of concrete is 
being placed by the contractors to avoid 
penalties. This same high variability—high 
average thickness relation has also been re- 
ported in other studies of thickness. Better 
control of placement not only could provide 
savings in concrete, but also produce pave- 
ment that is capable of better performance. 
Moreover, the development of a standard 
method for measuring the depth of plastic 
concrete, as placed, would aid in the control 
of thickness and eliminate expensive coring of 
the hardened pavement. 


Variation in Portland Cement 


The production of portland cements is being 
closely controlled by producers, according to 
the historical data on chemical analyses 
reported by several States. It is evident that 
State highway departments can reduce the 
testing of portland cement to at least the level 
recommended by ASTM in section 6 of 
AST M-C-183-65T. 


Conclusions 


Variations in what is generally considered 
good construction has been shown by the 
research summarized here. However, the 
variations are of considerable magnitude and 
could be important factors in the performance 
of concrete structures. An awareness of these 
variations is insufficient; research must be 
undertaken to evaluate their effect and to 
develop procedures by which they can be 
reduced. 

In many test results, much of the measured 
variation could be attributed to sampling and 
testing methods and procedures, and therefore 
the real variation may not be as large as results 
indicate. One of the major needs in concrete 
production is the development of better 
methods to measure the quality attributes of 
the concrete and the ingredients incorporated 
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Table 8.—Methods of measuring consistency of plastic concrete research data a 






Sampling Mate 















Mean ee Testing 1 atonal { 
Project No. | Samples Test = eviation variance variance variance — 
(X) (2) (22) (22) 


| (oa?) 


West Virginia 








Number Inches Inches Inches Inches Inc 
1 200 Slump fe ees 2.4 0.8 0. 095 0. 095 0. 
Kelly Ballla 2 3-_- 2.4 0.7 0. 108 0. 062 0. 





California 





Kelly Balls eacsees 





3 Converted to inches of slump by calibration a 
penetration of ball indicates 2 inches of slump. 
4 Pavement. 


1 Convereted to inches of slump. Conversion factor—Slump 
inches =0.59 Kelly Ball +1.02. 4 
2 Structural. + 
4 
ag 
Table 9.—Analysis of variance, intermediate aggregate, percent passing 34-inch siee 


















Range Mean Material Sampling Testing Standard ' 
Project No. me variance variance variance deviation Samples 
(R) (X) (o0*) (os?) (o’) (c) x 











Pet (Eck: IPCs Pet. Pets Peck. Number 
1 79-98 92. 60 4.25 0. 00 8. 12 3. 52 ‘00 
2 33-89 69. 09 122. 92 5. 59 4. 54 11. 54 200 
3 34-92 71. 52 124. 04 9. 31 24. 46 12. 56 200 





Table 10.—Summary of statistical results on thickness of concrete pavement \ 






Mean Overall Standard 
Samples (X) hate oo me Minimum | Maximur 
o o 
































8-inch uniform thickness 





Project number: Number Inches Inch Inch Inches Inches 
| RE Sire one OP es So, 34 8. 66 0. 192 0. 435 7.63 9.53 
Oe ene ee ee 39 8.42 0.171 0. 415 7.61 9.13 
35.2 eRe ee ee 48 8. 35 0. 040 0. 200 7. 86 8. 80 
OAD BSE ACS eed sl 58 8. 36 0. 077 0. 276 7.76 9.49 
5 ee eS See 61 8. 05 0. 035 0. 185 7. 66 8.59 - 
6... RE ee eee 66 8.11 0. 089 0. 300 7.46 8.78 
Fe eS = See 73 8. 06 0. 112 0. 333 7.58 9. 58 

Booledtvalucsse: sesame | ayaa 8. 29 0. 088 0. 300 


9-inch uniform thickness 


35 9. 25 0. 046 0. 210 8. 93 9. 67 

51 9.19 0.121 0. 350 8. 55 10.10 

58 9. 28 0. 048 0. 220 8. 84 9. 99. 

65 9.18 0. 060 0. 240 8.78 9. 92 

7 9. 20 0. 185 0. 430 8. 69 11. 69 

88 9.11 0. 029 0.170 8. 85 9. 66 
Bee ete 5-4 9. 20 0. 083 0. 290 





10-inch uniform thickness 


Table 11.—Variation in pavement thiekn : 
probe method — ' 


therein. Furthermore a clear delineation of 
responsibility should result in a more uniform 
product. It is the contractors’ responsibility to 





: 
Specifi 


: Project Obser- | Standard Mean 

produce quality material and the States’ No. vations pec fo (X) | Se 
* “Vy. . g. 

responsibility to measure the quality produced. eee 

Better measurement performance by the State Number Inch Inches 

highway departments will allow a more ac- ; za ae oa 

curate estimate of product quality and provide 3 100 0.4 9.0 


a better basis for enforcement of the specifica- 
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NOMINAL THICKNESS 9 n-e| 


MIN. THICKNESS 8.5 IN. 
(SPECIFICATION REQ.) 





8,3 8.5 










8.7 8.9 9,1 


ONE STANDARD 
DEVIATION + 0.28 IN 


| yp AVERAGE THICKNESS 9.2 IN. 


NORMALIZED CURVE FROM 
STATISTICAL DATA. 


o'3) 9.5 Sil SNS) . 10.1 
CONCRETE PAVEMENT THICKNESS, INCHES 


Figure 2.—Frequency distribution of concrete pavement thickness, 1959-61. 





tion requirements. This approach can result 
only in a product that is more uniform in 


character and has improved performance 
expectancy. 
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am measured results from other recent 
hilar investigations, specifically those con- 
eted on eight bridges in Michigan and on 
@ bridge in Maryland. 

*Because of the low-measured — stress 
hges at the Dumfries bridge, elements in 
at particular bridge do not appear to be in 
nger of fatigue failure caused by the 
gular truck traffic. 

The last conclusion is valid only if the 
mpling can be termed representative of the 
Wk traffic crossing the bridge; if it is 
‘umed that the occasionally allowed over- 
tds do not induce stresses in excess of the 
vximum recorded ones, more than 3,500 
31; and if the slowly varying stresses 
used by environmental changes do not 
ntribute to fatigue distress. 
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Travel by Motor Vehicles in 196 


BY THE OFFICE OF PLANNING 


BUREAU OF PUBLIC ROADS 


OTOR vehicle travel in the United States 
in 1967 totaled 965.1 billion vehicle- 
miles, an increase of 3.7 percent over the 
travel in 1966. The travel data were compiled 
by the Bureau of Public Roads from informa- 
tion supplied by the State highway depart- 
ments. Total travel for 1968, based on infor- 
mation for the first 9 months of the year, is 
estimated at 1 trillion, 10 billion vehicle-miles, 
a 4.7-percent increase over 1967. 

The term vehicle-miles and the other tech- 
nical terms used in this article are defined 
in the following statements: 

Vehicle-miles.—Vehicle-miles refers to the 
amount of travel by one motor vehicle travel- 
ing 1 mile and includes travel on all highways 
and streets in the United States. 

Trailer combinations.—A trailer combina- 
tion is a truck or truck tractor pulling one or 
more trailers and/or a semitrailer. 

Motor-fuel consumption.—Motor-fuel con- 
sumption is the total consumption of motor 
fuel by highway vehicles for the year, 
tained from State records. 

Motor-fuel consumption rate.—Motor-fuel 
consumption rate is the average rate of motor 
fuel usage in miles per gallon (m.p.g.). 


ob- 


The travel and related information for 1967 
are shown in table 1 by road system and ve- 
hicle type. Total travel and travel by highway 
System are considered to be final figures, but 
because of incomplete data on which to make 
the distribution by vehicle type, the travel 


Table 1.—Estimated motor-yehicle trayel in the United States and related data for calendar year 1967 1 


Personal passenger vehicles: 
Passenger cars 3__ 
Motorcytles®. 7. *): Gir oS 

All personal passenger vehicles. 

Buses: 
Commercial 
School 


All passenger vehicles we, 
Cargo vehicles: 
Single-unit trucks.._...__.____. i 
Trailer combinations._________ ee ee a 
All trucks ‘ 


' For the 50 States and District of Columbia. 


2 This table has been adjusted to a new base to bring it into agreement w 
shown for 1967, as are decreases in local rural road and urban street trave 


3 Separate estimates of passenger car and moto: 
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by vehicle type is subject to revision. Such 
data have been reported in PUBLIC ROADS, 
A JOURNAL OF HIGHWAY RESEARCH for a num- 
ber of years; the latest for 1965 and 1966 
appeared in vol. 34, No. 12, February 1968, 
pages 267-269. 


Travel estimates by State and administra- 
tive highway system are shown in table 2. 
These are based on estimates prepared by 
the State highway departments and reported 
annually to the Bureau of Public Roads, 
beginning in 1966. 


Table 1 has been adjusted to a new base for 
1967 to bring it into agreement with table 2. 
Main rural roads travel in table 1 ineludes all 
travel on systems shown as 01, 31, 03, 05, and 
09 in table 2. Travel on local rural roads in- 
cludes travel in systems 07 and 11. Travel on 
urban streets consists of travel on all even 
numbered systems in table 2. Prior to 1967, 
parts of systems 05 and 09 had been classed 
as local rural roads. 

Because of their intended principal use, the 
State estimates of 1967 travel were made 
according to a system classification and rural- 
distinction directly related to the 
Federal-aid program. In the Federal-aid law, 
an urban area is “an area including and 
adjacent to a municipality or other urban 
place having a population of 5,000 or more...” 
In the annual estimates reported in table 1 in 
the past, however, wrban signified the areas 


urban 


Motor-vehicle travel 2 
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within the political boundaries of municips. 
ties such as cities, boroughs, and villages. 

As State estimates are now being receiv) 
annually, and because it is intended to 
them as a base for table 1, it was decided( 
redefine main rural roads, local rural roa; 
and urban streets so that it would not 
necessary to split mileage and travel in ay 
of the administrative highway systems.” 

These adjustments resulted in changes 
the proportionate distribution of mileage 
travel among the three highway categori 
table 1. The main rural roads category cha 
from 35.2 percent of the total travel on 
percent of the mileage in 1966 to 37.3 pere 
of the travel on 15 percent of the mileage 
1967. Local rural road travel was 14.5 pe 
of the total in 1966 on 72 percent of the te 
mileage, and 12.6 percent of the travel on/! 
percent of the mileage in 1967. In 1966, ? 
percent of the travel was on urban stre's 
which comprised 14 percent of the tia 
mileage. These proportions for 1967 are ! 
percent and 14 percent, respectively. Thu: 


. 


can be seen that the mileage shifted fir 


greater effect on the distribution of tr: 
than on the distribution of mileage. 

Passenger cars represented 81 percen b OF 
vehicles registered, and accounted for 80 } 
cent of all travel in 1967; motorcycles, 
cent of all vehicles registered and less th: 
percent of all travel; and trucks and tit 
combinations, 16 percent of all vehicles rei 

















Main | Local All Urban 
rural rural rural Streets Total 
roads | roads roads 
Million | Million Million Million Million 
vehicle- vehicle- vehicle- vehicle- vehicle- 
miles miles miles miles miles 
Jee iG rey (Be ae cane es Ge me 770, 971 
SE ey cre el be ee es lg 7, 737 
273, 3382 94, 597 367, 929 410, 779 778, 708 
1, 007 182 1, 189 1, 934 3, 123 
791 | 727 1,518 338 1, 856 
1, 798 909 2, 707 2, 272 4.979 
275, 130 95, 506 370, 636 413, 051 783, 687 
63, 221 24, 426 87, 647 60, 021 147, 668 
21, 617 1, 400 23, 017 10, 760 33, 777 
84, 838 25, 826 110, 664 70, 781 181, 445 
359, 968 121, 332 481, 300 483, 832 965, 132 


ith table 2. Consequently, 
l as percentages of total travel. 
reycle travel are not available by highway category. 











Motor-fuel 
consumption 
Number Average i= 
of vehicles | travel per | 
registered vehicle Average 
Total per 
vehicle 
| Million 

| Thousands | Miles gallons Gallons 
80, 458 9, 582 55, 220 686 
1, 953 3, 962 103 53 
82,411 9, 449 55, 323 671 
90. 5 34, 508 667 7,370 

246. 7 7,523 262 1, 062 
337, 2 14, 766 929 2, 755 

82, 748 9, 471 56, 252 680 
15, 364 9, 611 14, 491 943 
830 40, 695 6, 950 8, 373 

16, 194 11, 204 21, 441 1, 324 
98, 942 9, 755 77, 693 785 
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when the data is compared with that of 1966, a decrease in travel on local 
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tered and 19 percent of all travel. Similar 
figures for buses were less than 1 percent. 

Average performance for all vehicles in 1967 
differed somewhat from that reported in 1966. 
The average motor vehicle traveled 9,755 
miles in 1967, half of it in cities, and consumed 
785 gallons of fuel at a rate of 12.42 miles per 
gallon. The average passenger car traveled 
9,582 miles and consumed 686 gallons of fuel 
at a rate of 13.96 miles per gallon. 


The Bureau of Public Roads has recently 
published two documents. These publications 
may be purchased from the Superintendent 
of Documents, U.S. Government Printing 
Office, Washington, D.C. 20402, prepaid. 
The following paragraphs give a brief descrip- 
tion of each publication and its purchase price. 


Fatal and Injury Accident Rates on 
Federal-Aid and Other Highway 
Systems, 1967 


Fatal and Injury Accident Rates on Federal- 
Aid and Other Highway Systems, 1967 (45 cents 
a copy), is a 36-page publication and is the 
first in a contemplated annual series to present 
accident, fatality and injury rates per 100 
million vehicle-miles by State and adminis- 
trative highway system. Included also are 


HIGHWAY RESEARCH AND DEVELOPMENT REPORTS AVAILABLE FROM ? 
CLEARINGHOUSE FOR FEDERAL SCIENTIFIC AND TECHNICAL INFORMATION: 


As the results of research are useful only 
when they reach those who can implement 
them or apply the knowledge gained to other 
endeavors, the problem of how to make re- 
search reports available to interested persons 
has always been a concern of administrators. 
This problem was answered, at least in part, 
by the establishment of the Clearinghouse for 
Federal Scientific and Technical Information, 
a repository for technical documents organized 
in 1964 on the foundations of the Department 
of Commerce’s Office of Technical Services. 

The Clearinghouse collects research reports 
that are the results of work performed by 
Government laboratories or by industrial firms 
and private institutions under contract to 
sponsoring Federal agencies. More than 50 
departments and agencies supply 50,000 
reports to the Clearinghouse each year. The 
Clearinghouse announces, reproduces, and 
sells the reports at a nominal cost. Many 


192 


According to the State estimates, the 
traveled way of the Interstate System carried 
167.7 billion vehicle-miles, or 17.4 percent of 
the total 1967 travel on all roads and streets. 
The traveled way consisted of 22,288 miles of 
Interstate System highways now in use and of 
18,712 miles of existing connecting highways. 
Service for this total mileage will be provided 
by the Interstate System when it is completed. 
From the State estimates it is expected that 


NEW PUBLICATIONS 


similar rates based on numbers of registered 
vehicles, licensed drivers, and population. In 
addition to the rates, the actual numbers of 
highway miles in service, vehicle miles, acci- 
dents, fatalities, and injuries are shown in 
supporting tables. This compilation is based 
on reports submitted by the State highway 
departments. 


Standard Plans for Highway Bridges, 
Volume IV, Typical Continuous 
Bridges, 1969 


Standard Plans for Highway Bridges, Volume 
IV, Typical Continuous Bridges, 1969 ($1.50 
a copy), is a revision of the 1962 edition with 
respect to bridge widths and current design 
specifications. These plans are intended to 
serve as a useful guide in the development of 
suitable and economical bridge designs. An 


organizations use them to produce new items 
for management, improve production proc- 
esses, reduce costs, solve technical problems, 
prepare bids on Government contracts, or 
keep abreast of the state-of-the-art. 


Among the documents collected by the 
Clearinghouse are the published results of 
federally supported highway research and 
development projects. As with all the docu- 
ments on file, these publications are available 
as either microfiche or paper copies. Micro- 
fiche is a 4- by 6-inch sheet of film that con- 
tains as many as 70 pages of a document. 
Paper copy is produced by offset printing. 
Microfiche copies are more economical than 
paper copies, are easier to handle, and can be 
filed readily. 


As a service to the readers of PUBLIC 
ROADS, a JOURNAL OF HIGHWAY RESEARCH, 
listings of these highway research and develop- 


rol ee) ee toe ee at See ae 
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by 1975 the 41,000 mile Interstate Sys fe, 
comprising little more than 1 percent of t 
total road and street mileage of the Unit 
States, will carry more than 20 percent of t 
total 1,213 billion miles of travel oti 
for 1975. | 

According to the State estimates of 197 
travel, all Federal-aid systems combine, 
which includes about 25 percent of all ross 
and streets, carried 65 percent of all travel. 
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effort has been made to give sufficient inforn- 
tion on all plans so that they may be ready 
modified in the preparation of contrit 
drawings. 

The volume contains four sets of plans wv 
substructure and superstructure of four-s}n 
continuous bridges, including a _ conere 
voided slab, a concrete T—beam, a conere 
box girder, and a composite welded stl 
girder. 

A variety of bent and footing types hie 
been detailed for the four bridges. Intr- 
mediate supports include monolithic bets, 
framed bents, and solid wall piers. Foot g 
types include pedestal piles, steel bearg 
piles, friction piles, and spread footings. | 

Bridge roadway width is 44 feet with 
20-44 live loading for the standard 2lae 
two-directional roadway. 
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ment publications available from the Clear 
house will be published, as space permitsif 
future issues. These publications will be liv¢ 
chronologically beginning with the first re} 
collected by the Clearinghouse and_ il 
continue until all the highway research 1¢ 
development publications on file at the Cl 
inghouse have been listed. From that pe 
each issue will list the reports that will 
been collected by the Clearinghouse since 
last issue. Each listing will include the) 
cession (stock number) of each report. 
highway research and development publ®@ 
tion can be purchased by sending the st 
number and a check or money order |? 
Clearinghouse for Federal Scientifie )§ 
Technical Information, Sills Building, ?* 
Port Royal Road, Springfield, Va. 22)4 
Paper copies are priced at $3 each and mi 
fiche copies at 60 cents each. The Clea 
house requires prepayment on all orders. 
2 


June 1969 @ PUBLIC RO? 


U.S. GOVERNMENT PRINTING OFFICE: 19 













































4 list of the more important articles in PuBLic Roaps and title 
sets for volumes 24-84 are available upon request addressed to 
weau of Public Roads, Federal Highway Administration, U.S. 
partment of Transportation, Washington, D.C. 20591. 

The following publications are sold by the Superintendent of 
icuments, Government Printing Office, Washington, D.C. 20402. 
ders should be sent direct to the Superintendent cf Documents. 
epayment is required. 


cidents on Main Rural Highways—Related to Speed, Driver, 
and Vehicle (1964). 85 cents. 

gregate Gradation for Highways: Simplification, Standardiza- 
tion, and Uniform Application, and A New Graphical Evalua- 
tion Chart (1962). 25 cents. 

nerica’s Lifelines—Federal Aid for Highways (1966). 20 cents. 
ipacity Analysis Techniques for Design of Signalized Intersec- 
tions (Reprint of August and October 1967 issues of PUBLIC 
ROADS, a Journal of Highway Research). 45 cents. 


mstruction Safety Requirements, Federal Highway Projects 
(1967). 50 cents. 
wrugated Metal Pipe Culverts (1966). 25 cents. 
eating, Organizing, & Reporting Highway Needs Studies 
(Highway Planning Technical Report No. 1) (1963). 15 cents. 
ital and Injury Accident Rates on Federal-Aid and Other High- 
‘way Systems, 1967. 45 cents. 
deral-Aid Highway Map (42 x 65 inches) (1965). $1.50. 
‘deral Laws, Regulations, and Other Material Relating to High- 
ways (1965). $1.50. 
deral Role in Highway Safety, House Document No. 93, 86th 
Cong., Ist sess. (1959). 60 cents. 
‘eeways to Urban Development, A new concept for joint 
development (1966). 15 cents. 
lidelines for Trip Generation Analysis (1967). 65 cents. 
andbook on Highway Safety Design and Operating Practices 
(1968). 40 cents. 
ighway Beautification Program. Senate Document No. 6, 90th 
Cong., Ist sess. (1967). 25 cents. 
ighway Condemnation Law and Litigation in the United States 
(1968) : 
Vol. 1—A Survey and Critique. 70 cents. 
Vol. 2—State by State Statistical Summary of Reported High- 
way Condemnation Cases from 1946 through 1961. $1.75. 
ighway Cost Allocation Study: Supplementary Report, House 
Document No. 124, 89th Cong., Ist sess. (1965). $1.00. 
ighway Finance 1921-62 (a statistical review by the Office 
of Planning, Highway Statistics Division) (1964). 15 cents. 
ighway Planning Map Manual (1963). $1.00. 
ighway Research and Development Studies. Using Federal-Aid 
Research and Planning Funds (1967). $1.00. 
ighway Statistics (published annually since 1945) : 
1965, $1.00; 1966, $1.25; 1967, $1.75. 
(Other years out of print.) 
ighway Statistics, Summary to 1965 (1967). $1.25. 
hway Transportation Criteria in Zoning Law and Police 
Power and Planning Controls for Arterial Streets (1960). 35 
cents. 
ighways and Human Values (Annual Report for Bureau of 
‘Public Roads) (1966). 75 cents. 
‘Supplement (1966). 25 cents. 
ighways to Beauty (1966). 20 cents. 
ighways and Economic and Social Changes (1964). $1.25. 
draulic Engineering Circulars: 
No. 5—Hydraulic Charts for the Selection of Highway Cul- 
verts (1965). 45 cents. 
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No. 10—Capacity Charts for the Hydraulic Design of High- 
way Culverts (1965). 65 cents. 
No. 11—Use of Riprap for Bank Protection (1067). 40 cents. 
Hydraulic Design Series: 
No, 2—Peak Rates of Runoff From Small Watersheds (1961). 


30 cents. 

No. 8—Design Charts for Open-Channel Flow (1961). 70 
cents. 

No. 4—Design of Roadside Drainage Channels (1965). 65 
cents. 


Identification of Rock Types (revised edition, 1960). 2C cents. 
Request from Bureau of Public Roads. Appendix, 70 cents. 

The 1965 Interstate System Cost Estimate, House Document No. 
42, 89th Cong., 1st sess. (1965). 20 cents. 

Interstate System Route Log and Finder List (1963). 10 cents. 

Labor Compliance Manual for Direct Federal and Federal-Aid 

Construction, 2d ed. (1965). $1.75. 
Amendment No. 1 to above (1966). $1.00. 

Landslide Investigations (1961). 30 cents. 

Manual for Highway Severance Damage Studies (1961). $1.00. 

Manual on Uniform Traffic Control Devices for Streets and High- 

ways (1961). $2.00. 
Part V only of above—Traffic Controls for Highway Construc- 
tion and Maintenance Operations (1961). 25 cents. 

Maximum Desirable Dimensions and Weights of Vehicles Oper- 
ated on the Federal-Aid Systems, House Document No. 354, 
88th Cong. 2d sess. (1964). 45 cents. 

Modal Split—Documentation of Nine Methods for Estimating 
Transit Usage (1966). 70 cents. 

National Driver Register. A State Driver Records Exchange 
Service (1967). 25 cents. 

Overtaking and Passing on Two-Lane Rural Highways—a Litera- 
ture Review (1967). 20 cents. 

Presplitting, A Controlled Blasting Technique for Rock Cuts 
(1966). 30 cents. 

Proposed Program for Scenic Roads & Parkways (prepared for 
the President’s Council on Recreation and Natural Beauty), 
1966. $2.75. 

Reinforced Concrete Bridge Members—Ultimate Design (1966). 
35 cents. 

Reinforced Concrete Pipe Culverts—Criteria for Structural De- 
sign and Installation (1963). 30 cents. 

Road-User and Property Taxes on Selected Motor Vehicles 
(1964). 45 cents. 

Role of Economic Studies in Urban Transportation Planning 
(1965). 45 cents. 

The Role of Third Structure Taxes in the Highway User Tax 
Family (1968). $2.25. 

Standard Alphabets for Highway Signs (1966). 30 cents. 

Standard Land Use Coding Manual (1965). 50 cents. 

Standard Plans for Highway Bridges: 

Vol. I—Concrete Superstructures (1968). $1.25. 

Vol. II—Structural Steel Superstructures (1968). $1.00. 
Vol. IV—Typical Continuous Bridges (1969), $1.50. 
Vol. V—Typical Pedestrian Bridges (1962). $1.75. 

Standard Traffic Control Signs Chart (as defined in the Manual 
on Uniform Traffic Control Devices for Streets and Highways) 
22 x 34, 20 cents—100 for $15.00. 11 x 17, 10 cents—100 for 
$5.00. 

Study of Airspace Utilization (1968). 75 cents. 

Traffic Safety Services, Directory of National Organizations 
(1963). 15 cents. 

Typical Plans for Retaining Walls (1967). 45 cents. 
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